Signal transduction pathways are crucial for the regulation of a very wide variety of cellular functions ranging, for example, from translation to intercellular communication, and from metabolism to apoptosis. Protein kinases and phosphatases, together with their binding partners, are key players in these cascades. They also form a substantial part of the genes in genomes and proteins in proteomes in all animals. Signalling can be studied in many different levels and ways. This has resulted in large body of publications and Internet services. This paper describes open-access databases and software aiming at presenting the kind of data available and how to perform bioinformatics analyses.
INTRODUCTION
In cellular signalling cascades, an extracellular signal is transmitted inside cells via interaction with a cell surface receptor, causing a change in the level of a second messenger and ultimately leading to a change in cell's functioning. Signal transduction plays an important role in regulating cellular processes including metabolism, transcription, translation, DNA replication, cell-cycle control, cell differentiation, apoptosis, cell proliferation and intercellular communication. Reversible protein phosphorylation is one of the key mechanisms in signal transduction. Phosphate group addition triggers cellular cascades and it is therefore tightly regulated. Protein kinases and phosphatases add and remove the phosphate groups, respectively.
In this review, publicly available, free bioinformatics services related to different features of signalling networks are discussed ( Table 1) . The databases and other services include general signalling related sites as well as specialised programs. The majority of the data relate to humans and other metazoans.
Kinases and phosphates are very abundant enzymes -kinases alone form 1.5-2.5 per cent of all genes in eukaryotes. Kinases are among the largest protein families and when all the other components of signal transduction are taken into account, signalling related genes and proteins form a substantial proportion of the genome of an organism. Based on the human genome the number of kinases was estimated to be from about 450 to 510. [1] [2] [3] The database searches were performed with BLAST, IMPALA or HMMer, followed by extensive analysis to identify pseudogenes and sequencing artefacts. Recent comparison of these compilations suggests there are about 430 catalytically active kinases. 4 
PROTEIN KINASES AND PHOSPHATASES
Protein kinases are major players in many intra-and intercellular signal transduction pathways by transducing, amplifying or integrating upstream signals. Kinases appear in two major groups, protein serine/threonine and tyrosine kinases, according to their substrate specificity. Phosphorylation of other amino acids will be discussed later. Protein kinases transfer the terminal phosphate group from ATP to the recipient residue in the ligand. They are either membrane-bound receptor kinases or soluble enzymes within cells. Kinase domains consist of about 250 amino acids, none of which is invariant, but several residues are highly conserved within and between kinase families. Kinases are regulated at many levels, including synthesis, posttranslational modifications (including phosphorylation), binding of regulatory proteins and subcellular localisation.
General The Kinase Sequence Database (KSD) is a collection of protein kinase sequences grouped into families by homology of their catalytic domains. KSD (last updated 2001) contains close to 300 families, from about 1,000 organisms and altogether more than 7,000 sequences. PKR has a large database and classification with more than 5,000 sequences; however, it has not been updated for some time. Phylogenetic trees of kinases and families are downloadable from all these sites.
About half the human kinases contain other domains in addition to the catalytic domain, which most often are involved in regulation of the kinases, interactions with other partners or subcellular localisation. 1, 3 Altogether, 83 different additional domains were found from human kinome. 3 The most common additional domains have functions in binding and recognising other signallingrelated proteins. Of these, Src homology 2 (SH2) and SH3 domains are very common. SH2 domains bind to phosphotyrosine containing ligands, whereas the function of the SH3 domains is to recognise and interact with special secondary structures forming polyproline type II folds. These domains have very constant domain order in non-receptor tyrosine kinases. We and others 1, 6 have indicated that the domains have coevolved and thus duplicated together during evolution.
Three-dimensional structures have been determined for a number of kinases and other signalling molecules. These can be found from Protein Data Bank. The inactive, open form of kinases is twisted along a LINKER between the two lobes in kinase domain upon activation-induced conformational change. There are several structures for both forms as well as complexes with ligand peptides. 8 ). Kinases are essential enzymes in many cellular functions. Mutations in these domains therefore lead to diseases, including immunodeficiencies, cancers and endocrine disorders. Mutations appear both in conserved hallmark residues of the kinases and in nonhomologous sites. The first database for kinase mutations was for X-linked agammaglobulinaemia called BTKbase. 9, 10 Jak3 is among the 13 kinases that also contains another, inactive kinase domain.
3 Both these domains have harboured mutations in severe combined immunodeficiency (see JAK3base). There are also some other locus-specific kinase domain mutation databases and KinMutBase 11 that collects all kinase domain mutations. KinMutBase includes, apart from mutation data, statistical information for the prevalence of the alterations. Kinase domain mutations are typically inactivating by nature. Ret mutations can be either activating or inactivating and cause different disorders, namely Hirschprung's disease, multiple endocrine neoplasia type 2 (MEN2) a and b, and medullary thyroid carcinoma (FMTC). Disease-causing mutations are also known in many of the additional domains of kinases including SH2 and SH3 domains, and pleckstrin homology (PH) domain. These mutations can be seen, for example, in BTKbase and SH2D1Abase. The additional domains may have different functions but they may bind also to the same target and increase affinity and specificity. 12 
Additional domains Structures and diseasecausing mutations
Protein phosphatase catalytic domain consists of some 240 residues and shares significant similarity between taxa. 13, 14 Phosphatases can also be grouped in two categories according to their specificities. Standard enzymes are tyrosine specific, while dual specific phosphatases can also hydrolyse phosphoserine and threonine albeit with lower activity.
Phosphatases, along with kinases for the plant Arabidopsis thaliana, are listed in PlantsP. 15 Interestingly, several knockouts have been generated for A. thaliana kinases and phosphatases and the details can be searched from PlantsP. Transgenic models, especially for mouse, are classified in TBASE. There are a number of 3D structures for phosphatases. Sequences of phosphatases and other signalling domains can, for example, be found from Pfam. SMART is a service to search domains involved in signal transduction from sequences.
PHOSPHORYLATION SITES AND SPECIFICITY
Signalling-related enzymes and proteins are not very specific as such, but by localisation or combined action of more than one domain, for example, the specificity can be increased. Methods have been developed for the prediction of serine/threonine kinase specificity 16, 17 and SH3 domain binding specificity, 18 but only the PREDIKIN is publicly available. The program is based on rules derived from 3D structures. It provides putative heptapeptide sequences with three phosphorylation sites preceding and following amino acids. Further, a list of sequences containing the heptapeptide motif is searched from databases.
ScanSite is a signal transduction domain-related search engine, which tries to find, from a sequence, phosphorylation sites or sequence stretches, which could bind to signalling modules such as SH2 and SH3 domains. The program is based on data derived from oriented peptide library experiments. NetPhos server 19 is a neural net application of known phosphorylation sites, their sequences and structures in PhosphoBase. 20 PhosphoBase contains information of a large number of phosphorylation sites in more than 400 proteins, but it has not been updated for number of years. It is advisable to test several of these programs when searching for phosphorylation sites. One should bear in mind that all putative phosphorylation sites are not modified, eg for sterical reasons.
PHOSPHOPROTEINS
Expression of proteins in a tissue, cell or organism can be investigated with proteomics. Traditionally, twodimensional gel electrophoresis (2-DE) has been used to separate proteins, but recently methods based on arrays for example have been developed. Separated proteins are typically identified with mass spectrometry after cleavage to peptides. Phosphorylation and other posttranslational modifications cause shifts to mass spectra. Phosphorylation sites and phosphoproteins can be detected both from purified proteins and protein populations. 21 Simultaneous analysis and follow-up of phosphorylation status provide new ways to study signalling pathways in health and disease. To fully understand the changes in expression levels of proteins in signalling pathways, their phosphorylation (and other posttranslational modifications) status should be known. Therefore microarray analyses do not tell us much about signalling, because gene expression of signal transduction proteins does not relate to their activity.
The Phosphoprotein Database (PPDB) aims at systematic cellular protein phosphorylation information. Currently there are three projects, ranging from kinetics of phosphoproteins to cell-cycle specific phosphorylation and phosphorylation studies of T cells. The site is based on proteomics with 2-DE and contains in addition to gel images, detailed annotation of the function of the proteins as well as effects and status of phosphorylation at different amino acids.
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OTHER SIGNALLING PATHWAYS
In addition to tyrosine, serine and threonine phosphorylation there are a number of other signalling pathways, some of which are phosphorylation dependent. Arginine, aspartate, histidine and lysine residues can be phosphorylated in certain conditions. It has been estimated that histidine phosphorylation is much more common than tyrosine phosphorylation, but less frequent than the modification of serine or threonine. 22 Owing to acid lability, these forms have usually remained undetected. Prokaryotes utilise a two-component system to link extracellular stimulus to gene regulation. The histidine kinase/sensor is (auto)phosphorylated, leading to phosphorylation of the response regulator at an aspartate. Two-component systems are common in prokaryotes, but have not been identified in animals, which also have histidine phosphorylation.
Bacterial signal transduction information for more than 40 complete genomes and for more than 250 organisms can be obtained from Sentra. The database lists both phosphorylation and methylation modulated systems.
Phospholipid signalling is part of many receptor-mediated pathways. Signals such as ions, hormones, neurotransmitters, peptides and proteins bind to cell surface and induce a conformational change in the receptor. G protein-coupled receptors (GPCRs) are transmembrane proteins, which transmit the signal either in a heterotrimeric G protein-dependent or independent manner. G proteins trigger second messenger system, for example by modulating adenylate cyclase or phospholipases. Adenylate cyclase increases the intracellular cAMP levels. Phospholipases, which appear in a number of families, hydrolyse phospholipids and produce lipid-derived messengers, which regulate numerous cellular responses.
The GPCRDB system includes GPCR-related sequences (several thousands), alignments, ligand binding constants and mutations along with homology models. Mutations are taken from the GRAP database.
SIGNALLING COMPLEXES AND PATHWAYS
Cellular signalling involves thousands of players that are required to control a huge number of processes. For this to be possible, the molecules form complex networks, some of which are known in detail. KEGG is a large set of databases for genomes, metabolism, molecular interaction networks, and of chemical compounds and reactions. Signalling and other interactions are listed for example in BIND and MINT.
Signal transduction information has been compiled for several organisms. Cell Signalling Networks Database (CSNDB) is a knowledge base for human signalling pathways. It has information on biological molecules, sequences, structures, functions and biological reactions, which transfer the cellular signals. This is a large registry, but has not been updated. Another outdated, but still useful, service is GeNet, which contains information on functional organisation of regulatory gene networks acting at embryogenesis in several organisms.
Organism-specific signalling information can be found for example from MIPS for yeast, from Interactive Fly for D. melanogaster and EcoCyc for Escherichia coli. Drastic is a site for plant pathogen-related cellular processes including signal transduction. Metabolic and signalling pathways for yeast, A. thaliana, and mouse can be searched and visualised from PathDB.
Very large signalling data resources are at Alliance for Cellular Signaling (AfCS)/ Nature Signaling Gateway and Science Signal Transduction Knowledge Environment (STKE). Both require registration. Access to full-length articles in the STKE requires subscription of the journal and the service. Both these are very extensive and contain a large number of top articles together with additional information and discussion. These are the
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Cell Signaling Technology has several annotated signalling maps and other information related to the proteins. Biocarta has nice clickable pathway charts with links to additional information. SPAD is a similar resource, which has not been updated for a couple of years. These sites make it easy to comprehend complete networks and zoom into details. The colour-coded graphs are very user friendly.
In the future, researchers working on signal transduction will have to rely more and more on large databases. The quality of the experimental data in the databases will become a major issue. Large-scale high-throughput systems will also be applied to signalling studies and generate huge data sets, which have to be verified. It would be useful to have more services for phosphorylationindependent signalling cascade. For the user it will be very important to be able to integrate the different data sources and analysis tools.
